Abstract. Planktonic larvae of marine organisms may vary greatly in individual condition. Larval quality, metamorphosis, juvenile growth, and mortality of the barnacle Semibalanus balanoides were monitored in the field and laboratory for 4 mo to determine whether propagule quality varied among daily cohorts and influenced juvenile performance. I measured the organic content of individual planktonic cyprids sampled on 15 days during the recruitment season. Settlers were monitored daily on natural substrata in the field and on settlement plates deployed daily and transferred to the laboratory. Cyprid organic content declined as the recruitment season progressed. Metamorphic success and growth differed among cohorts in both the field and laboratory. Mortality differed among cohorts in the field, but no mortality occurred in the laboratory. Metamorphic success and growth increased with increasing cyprid organic content in the laboratory. Growth in the laboratory was high for the first 7 of 10 daily cohorts monitored. In the field, the first and last three cohorts of the season grew poorly even though cyprid organic content was greater for the first three cohorts. These findings indicate that larval quality can vary among cohorts and impact juvenile performance. Studies of population and community structure may benefit from consideration of propagule quality.
INTRODUCTION
For organisms with a dispersal stage in their life cycle, adult reproductive output and propagule supply influence population and community structure. For benthic marine invertebrates, spatial and temporal variation in larval supply can strongly influence patterns of recruitment, species abundance, and species distributions (Denley and Underwood 1979 , Strathmann et al. 1981 , Grosberg 1982 , Caffey 1985 , Gaines and Roughgarden 1985 , Raimondi 1988 , Menge 2000 . ''Supply-side ecology'' suggests that variable larval input determines the abundance of local adult populations and may also determine the relative importance of postsettlement factors, such as predation and competition, in shaping communities. The processes that govern larval transport have recently been included in models of population and community structure, particularly for systems along the coast of Central California (Alexander and Roughgarden 1996, Connolly and Roughgarden 1998 ). An underlying assumption of most studies and models of population and community structure is that there is no variation in the condition of larvae throughout a recruitment season. However, evidence from laboratory (Jarrett and Pechenik 1997) and field studies (Miron et al. 1999) suggests that this assumption is not valid and that the factors that influence 1 E-mail: jarrettj@ccsu.edu larval abundance, particularly transport processes, also determine the physiological quality of larvae settling in adult habitat and, therefore, may ultimately impact recruitment. Prolonged larval life and food limitation during development in the laboratory can influence larval habitat selection (Miron et al. 2000) and reduce larval physiological quality, resulting in low metamorphic success, poor juvenile survival, and slow juvenile growth and maturation (Lucas et al. 1979 , West and Costlow 1988 , Woollacott et al. 1989 , Pechenik and Cerulli 1991 , Miller 1993 , Pechenik et al. 1993 . For many organisms, slow juvenile growth results in inferior competitive abilities and could ultimately contribute to mortality by prolonging the susceptibility of individuals to predation before reaching a size refuge (Connell 1961 , Vermeij 1972 , Highsmith 1982 , Werner and Gilliam 1984 , Miller and Carefoot 1989 . In addition, at least for nonfeeding larvae, results of laboratory experiments suggest that some minimal energy reserve is required at the time of attachment for successful metamorphosis (Lucas et al. 1979 , West and Costlow 1987 , 1988 , Pechenik et al. 1993 .
Larval metamorphic success and early juvenile survival in the field have been found to vary among daily cohorts of some barnacle species (Connell 1961 , Wethey 1985 , Raimondi 1990 , Young 1991 , Gosselin and Qian 1996 , Jarrett 2000 although these differences may have been due to external factors acting at the time of attachment. Jarrett and Pechenik (1997) re-ported differences in organic content of newly settled cyprids and in juvenile growth rates among a small number (five) of daily cohorts of the barnacle Semibalanus balanoides collected in the field and reared under controlled laboratory conditions, suggesting that daily cohorts differ in physiological quality. What is not yet understood is the extent to which propagule quality varies throughout a recruitment season and the impact of this variation on recruit performance in the field. The objectives of this study were: (1) to determine the extent to which larval quality varies among daily cohorts; (2) to determine the extent to which juvenile performance varies among daily cohorts; and (3) to relate variation in larval quality to variation in juvenile performance in the barnacle S. balanoides.
MATERIALS AND METHODS

Collection of planktonic cyprids and measurement of organic content
The field study was carried out at the Marine Science Center, Northeastern University, Nahant, Massachusetts, USA between March and June 1996. All laboratory studies were conducted during this same time period at Tufts University, Medford, Massachusetts, USA. Plankton samples were taken in surface waters (upper 1 m) on 15 d during the recruitment season. A 150-m mesh plankton net was towed along the surface by hand from a pier that was located ϳ0.5 km northwest of the field study area. Plankton samples were immediately diluted in 5 L of 0.45-m filtered seawater for transport to the laboratory, where they were then concentrated by passing through a 150-m mesh within 2 h of collection. Cyprids were removed from the plankton samples, washed twice with distilled water to remove adhering salts, and frozen individually at Ϫ20ЊC for later organic carbon measurements. Cyprid energy reserves were estimated by measuring the total organic content of individual cyprids using a modified dichromate oxidation technique (Jarrett and Pechenik 1997) .
Metamorphosis, growth, and mortality in the laboratory
Daily attachment of Semibalanus balanoides cyprids to Plexiglas plates (5 ϫ 7 cm) was monitored in the field on 10 d during the recruitment season. All plates were covered with safety-walk tape (product number 7740, 3M Company, Saint Paul, Minnesota) to provide a rough surface for cyprid attachment. To promote attachment, conspecific adult extract was pipetted onto 18 tape-covered plates and allowed to dry overnight for deployment the following day (Jarrett 1997) . Each day, plates were anchored between 2.3 and 1.8 m above mean low water (MLW) in a protected channel where adult and juvenile S. balanoides were abundant, and the plates were retrieved after two high tides (24 h).
The positions of 391 newly attached cyprids from 10 daily cohorts were mapped and individual cyprid lengths were measured to the nearest 0.1 m. To assess juvenile growth capacity, metamorphosed juveniles were fed the flagellated protist Dunaliella tertiolecta (5 ϫ 10 4 cells/mL) in the laboratory for 7 d with daily changes of 0.45-m filtered seawater at 16ЊC. Only individuals that did not experience crowding during the 7-d growth period were included in the study; maximum basal diameters of 352 uncrowded juveniles (N ϭ 8-66 individuals/date) were measured 2 and 7 d after they were brought to the laboratory. In addition, I recorded cyprid metamorphic success and juvenile mortality during the 7-d growth study.
Metamorphosis, growth, and mortality in the field
Twelve circular sites (9.5 cm diameter), separated horizontally by ϳ20 cm, were randomly established on natural substrata between 1.8 and 2.3 m above MLW by drilling two bolts into the rock marking the top and bottom of each site. To identify each site and serve as fixed points of reference, two numbered tags (2 ϫ 8 mm) were glued to the center of each site. Sites were cleared once before the onset of barnacle settlement and 10 daily cohorts of Semibalanus balanoides were monitored from their time of attachment until 30 d after attachment. All sites were photographed during low tide on at least five consecutive days after each daily cohort settled and the positions of all attached cyprids and the numbered tags were mapped so that newly attached cyprids could be positively identified. For three cohorts, the poor quality of site photographs taken on the 3 d following attachment prevented positive identification of individuals as being cyprids or juveniles. A 35-mm camera with a 9.5 cm diameter mount was fitted over the fixed bolts marking each site to enable exact positioning in successive photographs. Sites were then photographed every few days for the next 25 d to monitor cyprid and juvenile mortality. Survival was monitored for 30 d because it had previously been demonstrated that most juvenile mortality for S. balanoides occurs within the main settlement period (date settlers first observed on substrata to last date new settlers observed on substrata) (Minchinton and Scheibling 1993) . In the present study, the 30-d period following attachment extends beyond the main settlement period, even for the earliest settling cohort examined.
During the study, most cyprids metamorphosed within 1 d of attachment and no cyprid was observed to remain attached Ͼ3 d and still successfully metamorphose. Cyprids were considered dead if they failed to metamorphose or disappeared from the substrata on any day following attachment. For each daily cohort of settlers, cyprid metamorphic success within each site was calculated as the number of successful metamorphs divided by the total number of cyprids attaching on a specific date.
Metamorphosed juveniles were considered to be dead only if they disappeared from the substrata or were missing their tergal and scutal shell plates. Juvenile mortality in each site was calculated as the proportion of successfully metamorphosed juveniles that died during the 30-d postsettlement period.
Growth rates (in micrometers per day) of juveniles not in contact with other juveniles were determined by measuring the basal diameters of 8-68 specific individuals per cohort between the ages of 9 and 24 d. The focal framer was mounted with a scale bar so that caliper measurements could be converted to actual micrometers. The number of juveniles monitored per cohort varied due to differences in number of settlers, mortality, and photograph quality.
Statistical analysis
ANCOVA was used to test for significant effects of sampling date on cyprid organic content using initial cyprid length as a covariate. Cyprid organic content was adjusted for differences among cohorts in cyprid length using the least-squares method and tested using GT2 method following ANCOVA (Zar 1984) .
Data for percentage metamorphosis and percentage juvenile mortality were arcsine transformed, when necessary, to achieve homoscedasticity (Bartlett test, P Ͼ 0.05 after transformation) before using ANOVA. Data for dates on which metamorphic success or juvenile mortality was 100% for all plates were not included in any statistical analysis.
For both field and laboratory measurements, AN-COVA was used to test for significant effects of attachment date on juvenile growth rates using initial juvenile size as a covariate. Data for juvenile growth rates (X) were transformed by taking the square root of the sum (X ϩ 0.5) to achieve homoscedasticity (Bartlett test, P Ͼ 0.05 after transformation) before using ANCOVA (SYSTAT 1997).
RESULTS
Cyprid organic content
The organic content of planktonic cyprids varied with cyprid length (F 1, 132 ϭ 98.903, P Ͻ 0.001) and also differed among daily cohorts (F 14, 132 ϭ 14.467, P Ͻ 0.001; Fig. 1 ). Simple linear regression revealed that mean cyprid organic content, adjusted for cyprid length, declined as the recruitment season progressed (F 1,13 ϭ 11.14, r 2 ϭ 0.46, P ϭ 0.005).
Metamorphosis, growth, and mortality in the laboratory
Metamorphic success of newly attached cyprids brought to the laboratory differed among daily cohorts (F 7,23 ϭ 6.12, P Ͻ 0.001), ranging from 36.6% to 100% (Fig. 2a) . Cohorts attaching in the field during the first 2 wk generally had the greatest metamorphic success in the laboratory, while later cohorts exhibited lower mean metamorphic success. None of the individuals that successfully metamorphosed after being transferred to the laboratory from the field died as juveniles.
Juvenile growth rates differed among dates (F 9, 292 ϭ 5.59, P Ͻ 0.001) and initial juvenile size was a covariate (F 1, 292 ϭ 30.59, P Ͻ 0.001). Adjusted mean juvenile growth rates ranged from 41.2 m/d on 3 April to 23.8 m/d on 5 and 14 May (Fig. 3a) . In general, juveniles from cohorts attaching during the first 3 wk of the recruitment season grew faster than juveniles attaching during the remainder of the season.
Metamorphosis, growth, and mortality in the field
Cyprid metamorphic success in the field was monitored for seven cohorts. ANOVA revealed differences in cyprid metamorphic success among cohorts (F 6,32 ϭ 3.776, P ϭ 0.006), ranging from 66.1% to 97.7% (Fig.  2b) .
Juvenile mortality in the field also differed among the seven cohorts (F 6,31 ϭ 7.771, P Ͻ 0.001), ranging from 3.2% to 80.4% (Fig. 2c) . Juvenile mortality dropped considerably for cohorts recruiting after 3 April and remained low for the last three cohorts observed.
Juvenile growth rates differed among daily cohorts (F 9, 230 ϭ 20.559, P Ͻ 0.001), ranging from 9.60 m/ d on 4 April to 31.40 m/d on 12 April (Fig. 3b) . Initial juvenile size was not found to be a covariate (F 1, 230 ϭ 3.073, P ϭ 0.081), and therefore, juvenile growth rates were not adjusted for differences in initial juvenile size. In general, juvenile growth rates for cohorts attaching during the first and last 2 wk of the recruitment season (late March and early May) were almost 50% lower than juvenile growth rates of cohorts attaching during the middle of the recruitment season.
Relationship between larval quality and juvenile performance in the laboratory and field
Linear regression revealed no relationship between cyprid metamorphic success in the field and mean cyprid organic content ( or between mean juvenile growth rate in the field and mean cyprid organic content (F 1,7 ϭ 0.226, r 2 ϭ 0.03, P ϭ 0.65). However, under controlled conditions in the laboratory, mean cyprid metamorphic success (Fig. 4a) and mean juvenile growth rate (Fig. 4b) increased with increasing mean cyprid organic content (F 1,6 ϭ 7.84, r 2 ϭ 0.57, P ϭ 0.031 and F 1,7 ϭ 19.53, r 2 ϭ 0.695, P Ͻ 0.004, respectively).
DISCUSSION
The results presented here for the barnacle Semibalanus balanoides support results of previous studies Pechenik 1997, Miron et al. 1999 ) by demonstrating that larval energy reserves vary considerably among daily cohorts sampled throughout a recruitment season and by revealing a decline in larval quality as the recruitment season progresses. Furthermore, this study is the first to demonstrate that the physiological quality of propagules can influence juvenile performance in the field. Juvenile growth rates under controlled laboratory conditions were high for the first seven cohorts but declined for the last three cohorts of the season. In contrast, mean juvenile growth rates in the field were similarly low for the first and last few cohorts of the season and were highest for the cohorts attaching during the middle of the season. These results suggest that early cohorts had the capacity to grow well but grew poorly in the field due to environmental conditions while the similarly poor growth of the last few cohorts in the field and laboratory suggests that these cohorts were composed of poor quality cyprids that were unable to take advantage of good growing conditions. An alternative interpretation is that later arriving cohorts may have grown poorly in the field due to the negative effects of increased density of juveniles later in the season. However, growth rates were determined only for juveniles that were not in contact with others, and, in addition, this alternative interpretation would still not explain the poor growth that these latearriving cohorts exhibited in the laboratory. Indeed, mean cyprid organic content was a good predictor of mean metamorphic success and mean juvenile growth in the laboratory, not in the field, because variation in environmental conditions was minimal in the laboratory but obviously could not be controlled in the field. Comparisons of performance in the field and laboratory also suggest that external factors acting in the field at the time of settlement and shortly after may moderate the impact of larval energy reserves on postsettlement performance. In this study, external factors such as temperature or food supply may have suppressed juvenile growth in the field at the beginning of the season even though these early-season cohorts had the highest organic content. The lack of juvenile mortality in the laboratory also suggests that mortality in the field during early juvenile life is mediated by external factors.
Larval metamorphosis is an energetically expensive process during which cyprids may consume as much as 30% of their organic carbon (Lucas et al. 1979) . Lucas et al. (1979) reported that metamorphic success for field-collected cyprids of Semibalanus balanoides maintained at 10ЊC in the laboratory was consistently Ecology, Vol. 84, No. 2 high (near 100%) for the first 4 wk but declined to Ͻ50% metamorphic success during the fifth week of delay. Cyprid organic content (protein, lipid, and carbohydrate combined) during the 4-wk delay period ranged from ϳ22 g C/cyprid to 13 g C/cyprid. In the present study, all cohorts with metamorphic success Ͼ53% had a mean organic content of at least 13 g C/cyprid while the two cohorts with 50% and 39.8% metamorphic success were characterized by mean organic content of 11.16 g C/cyprid and 7.94 g C/cyprid, respectively. These findings suggest that, at least for S. balanoides, there is a threshold energy level of ϳ13 g C/cyprid below which metamorphosis is compromised.
Previous studies have demonstrated that delaying metamorphosis of lecithotrophic larvae leads to reduced growth in the barnacle Balanus amphitrite (Pechenik et al. 1993 ) and the bryozoans Bugula stolonifera and B. neritina (Woollacott et al. 1989 , Wendt 1996 , presumably as a result of the nutritional stress experienced during the delay period. Juveniles of Semibalanus balanoides do not feed for the first 2-5 d after attachment, yet they increase in size and mass prior to initiation of juvenile feeding, due to shell calcification (Rainbow and Walker 1977, Lucas et al. 1979 ). The positive relationship between cyprid organic content and early juvenile growth reported in the present study is probably due to the role these energy reserves play in meeting the metabolic demands of shell calcification and formation of juvenile structures. Satuito et al. (1996) also argue that declines in a storage protein of Balanus amphitrite cyprids during delay of metamorphosis probably resulted in poor metamorphic success due to the lack of this protein available for use in producing adult protein structures during metamorphosis.
Many factors can influence the quality of propagules. For marine invertebrates, larval size and organic content can vary with (a) quality and quantity of planktonic food Costlow 1987, Fenaux et al. 1994) ; (b) length of time larvae have postponed metamorphosis (Lucas et al. 1979 , Pechenik et al. 1993 , Jaeckle 1994 ; LARVAL CONDITION AFFECTS JUVENILES and (c) maternal investment in eggs (George 1990) . Variation in propagule quality may also have a genetic basis (Bertness and Gaines 1993) . In addition, there is convincing evidence that the quality of amphibian and insect larvae, and resulting juveniles, is also influenced by many of the same factors that influence marine invertebrate larvae (see review by Pechenik et al. 1998) . However, one factor that appears to be unique to marine invertebrates is the periodic transport of large numbers of larvae such as by offshore-onshore water flow associated with variation in upwelling (Roughgarden et al. 1988) or with variation in wind (Bertness et al. 1996) . These physical transport processes not only determine larval supply, but also may impact larval condition by forcing cohorts of larvae to delay metamorphosis for variable lengths of time until conditions allow for onshore transport. It appears that models and studies of intertidal population dynamics (Alexander and Roughgarden 1996) , particularly of systems heavily influenced by transport processes, would benefit from consideration of larval physiological quality and its impact on recruitment and postrecruitment processes (Menge 2000) .
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